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Abstract This work is concerned with the monitoring of ultrasound effects on inhibition, as well as
the reversible kinetics modeling of asphaltene flocculation in toluene-n-alkane systems, which has
been rarely reported in the literature. A crude oil sample was exposed to ultrasound waves, and then
the colloidal structural evolutions of flocculated asphaltene particles induced by addition of n-alkane
were studied, using a confocal microscopy. Observations confirmed that radiation of ultrasound can
change the irreversibility of asphaltene flocculation in crude oil. To interpret the kinetics of asphaltene
flock aggregation, the Smoluchowski model was used, and the time dependent size distribution of
asphaltene flocks was predicted. Fractal analysis was applied and the parameters of the kinetic model
were determined. The values for the regressed parameters of the kinetic model show that for sonicated
oil, the formation coefficient decreases, while the disintegration coefficient did not considerably change.
The reason might be that sonication prevents flocks from aggregating rather than disintegrating them
into smaller flocks. It might be the reason for its lingering effect on flocculation. This work illustrates the
successful application of the Smoluchowski model for predicting the kinetics of asphaltene flocks under
the influence of ultrasonic radiation for the entire range of reversible flocculation processes.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Deposition of asphaltene existing in crude oil may cause
severe problems, such as formation damage, leading to large
economic losses [1]. Recently, ultrasonic wave technology has
been greatly involved in industrial applications, such as the
removal of asphaltene particles from near wellbore regions.
However, monitoring of its inhibition effect on asphaltene floc-
culation is not well understood. In addition, few attempts have
been made to develop a reversible kinetic model to predict the
flocculation behavior of ultrasonic radiated asphaltene parti-
cles in toluene-n-alkane mixtures. Since the size of the flocks
plays an important role in precipitation rate [2], monitoring the
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in studying the kinetics of flocculation.
Although there are several observations regarding the
reversibility of asphaltene [2,3], it is generally regarded as an
irreversible process [4,5]. Asphaltene exposure to ultrasonic
waves can change its molecular and structural properties.
Further, according to observations reported by Najafi et al. [6]
sonication can reverse the formerly irreversible kinetics of
asphaltene flocculation. They found that the size of the flocks
increases during the process of flocculation, but, after a while,
the mean diameter of asphaltene flocks starts to decrease.
Accordingly, Reaction Limited Aggregation (RLA) and Diffusion
Limited Aggregation (DLA) models, which have been proposed
for irreversible flocculation processes [4], could not be applied
to sonicated crude oils. Looking for a predictive model for
reversible flocculation, the Smoluchowski model, which is
mainly used for modeling the coagulation process of inorganic
compounds [7], was considered as an appropriate choice,
and the kinetics of the flocculation of asphaltenes particles
in ultrasonic treated crude oil has been predicted. Since the
shape of asphaltene flocks is not completely determined,
fractal analysis was implemented to quantify observations on
asphaltene particle shapes, the relationship between their
evier B.V. Open access under CC BY-NC-ND license.
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Ci & Cj concentrations of species i & j
di measured diameter
di and dj the diameters of the flocks
dp diameter of the individual particle
Df fractal dimension
dflock measured diameter
fi number frequency of the ith flock
Fi,j & Di,j reaction rates for flocculation and disintegration
i, j, k, & N number of particles in flock
Kd shattering reaction constant
Kf flocculation reaction constant
nf number of individual particles in the flock
Nf total number of flocks
Pa fractional precipitation
W separation distance
diameters and the number of individual particles which form
the flocks. By analysis of model parameters, which has been
rarely considered in the literature, we aim to reveal the
inhibition role of sonication in asphaltene flock aggregation.
2. Experimental
2.1. Procedure
Najafi et al. [6] reported an optimum value, ten minutes,
for sonication time, at which the viscosity and flocculation rate
of asphaltenic crude oils reduces to its minimum. Therefore,
experiments on Sarvak oil were performed at this optimum
exposure time.
A set of confocal microscopy experiments was conducted
for investigating the size distribution of asphaltene flocks of
sonicated and non-sonicated Sarvak crude oil samples. The
stages in the experiments are as follows:
(A) 100 ml of crude oil sample were placed in a 300 ml vessel
and sonicated for 10 min. For the sake of simplicity, a
similar non-sonicated sample and the sample sonicated
for ten minutes were named as sample numbers 1 and 2,
respectively.
(B) As asphaltene is insoluble in light saturated hydrocar-
bons [8], e.g. n-Pentane, it should be added to the above
crude oil samples in order to study the kinetics of the floc-
culation process. Also, toluene was added to the samples
to enhance the transparency for confocal microscopic ob-
servations. The overall composition of the solution was 2%
oil, 60% pentane and 38% toluene. During the process of
flocculation, the samples were placed in an enclosed area
between two transparent plates to avoid pentane evapora-
tion and, at specified time intervals, were observed by theconfocal microscopy. Nearly ten images were taken from
different locations of the crude oil sample to obtain a statis-
tically reliable size distribution of asphaltene flocks. More
than 10,000 images were taken and analyzed to determine
the time dependent size distribution of asphaltene flocks as
a function of time. Figure 1 shows images of flock evolution
at different time steps.
2.2. Measurement of the size distribution
In order to survey the flocculation process, a thorough
understanding of the asphaltene flocks size distribution is
required. There are several methods for investigating size
distribution; the two most convenient and widespread being
laser and confocal microscopy [2]. The laser method is inaccu-
rate because its induced heat can disintegrate the asphaltene
flocks. Confocal microscopy does not have this disadvantage
and is introduced as a reliable method for analyzing flock size
distribution [1,4,9].
According to Najafi et al. [6], the diagram of the mean flock
size versus flocculation time for Samples 1 and 2 is depicted in
Figure 2. The average radius for Sample 1 (the non-sonicated
sample) has an increasing trend, while, for Sample 2 (the soni-
cated sample), a change in trend is observed,which can be justi-
fied due to the reversibility of flocculation caused by sonication.
3. Modeling of asphaltene flocculation
3.1. Irreversible models
Several models have been presented for prediction of the
flocculation process. Kawanaka et al. [10] presented a ther-
modynamic model to predict the size distribution of asphal-
tene flocks at equilibrium, and Browarzik et al. [11] modeled
the average molar mass of asphaltene in the solution. Since
the aim of this work is to monitor size distribution as a func-
tion of time, thermodynamic models cannot be used, because
they only give the size distribution at infinity. One of the most
popular models used for modeling of asphaltene flocculation is
Derjaguin–Ladau–Verwey–Overbeek (DLVO), which consists of
two parts: RLA and DLA [4].
DLVO models can predict size distribution as a function of
time with good accuracy. However, as they can only be used
for modeling irreversible flocculation, their accuracy for the
prediction of reversible flocculation of asphaltenes induced by
sonication is poor.
Another model is a statistical model. Smoluchowski pre-
sented a model to predict the kinetics of reversible coagula-
tion of inorganic compounds [7,12]. Considering the similarity
between flocculation and coagulation, since asphaltene floccu-
lation in ultrasonic treated oil, shown in Figure 2, confirmed
reversibility, the Smoluchowski model, explained in detail in
the next section of the paper, was used to predict the kinetics
of asphaltene flocculation in sonicated crude oil.Figure 1: Evolution of asphaltene flocks at different experiment times: (a) 20, (b) 30, and (c) 90 min.
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3.2. Reversible flocculation modeling
The classical approach to studying coagulation was first
developed by Smoluchowski, who proposed Eq. (1) to describe
time evolution for the concentration of clusters of k particles,
Ck, under the assumption of binary collisions. According to
the Smoluchowski model, which predicts the kinetics of
coagulation for colloidal and polymer substances, reversible
flocculation can be given as follows:
dCk
dt
= 1
2

i+j=k

Fi,jCi C j − Di+jCi+j

−
N−k
j=1
(Fk,jCkCj − Dk+jCk+j), (1)
where indices i, j, k and N represent the count of particles in
each flock, D and F are disintegration and formation constants,
respectively, and their unit is the number of reactions per unit
volume per unit time [7]. In the Smoluchowski equation, the
first summation consists of two parts; the formation of flocks
with size k from smaller flocks, and the disintegration of flocks
with size k to smaller ones.
The second summation, however, takes into account the
consumption of flocks with size k to form larger ones, and also
the disintegration of larger flocks forming ones with size k.
According to Ball et al. [13], if asphaltene particles are
assumed to be spherical, the reaction rate will be proportional
to the flock boundary volume, Vc , which is given by:
Fi,j ∝ Vc = π

di + dj
2
w, (2)
where dj is the diameter of the jth flock and w is the distance
within which the flocculation occurs. It is obvious from Eq. (1)
that the summations are on the size of flocks; therefore, the
relationship of F and D to flock size must be determined, so
that the summations can be calculated. For this purpose, fractal
analysis is implemented and a relation between flock diameter
and number of individual particles is obtained. Diameter, dflock,
and the number of individual particles, ni, are related by fractal
dimension, Df , as:
ni =

dflock
dp
Df
. (3)
Substituting in Eq. (2) results in:
Fi,j = Kf

ni1/Df + nj1/Df
λ
, (4)
whereKf is the flocculation constant,which is dependent on the
properties of asphaltene and flocculation temperature and is
independent of flock size, and λ is a tuning parameter; rangingfrom 2 to 3. The flocculation was not predicted with acceptable
accuracy by implementing this equation and better predictions
were observed by assuming the smaller flock as the reaction
controlling reactant [13]. The following equation was obtained
by modification of Eq. (4):
Fi,j = Kf

ni
ni + nj n
1/Df
i +
nj
ni + nj n
1/Df
j
λ
. (5)
Eq. (4) will be obtained by setting ni = nj in Eq. (5). Shattering,
the breakage of larger flocks into smaller ones, and erosion, the
removal of tiny flocks from the surface of the mother flock, are
believed to be the reasons for the disintegration of asphaltene.
Wei et al. [14] observed that disintegration is mainly due to
shattering, and erosion can be neglected without imposing
considerable error. The shattering reaction rate is given by:
Di+j = Kd( n1/Dfi + n1/Dfj )β , (6)
where Kd is the disintegration constant and β is the tuning
parameter, ranging from 0 to 3.
3.3. Fractal analysis of asphaltene flocks
Calculation of fractal dimensions is a delicate issue and has
some complications due to the intangibility of the concept and
the fact that it has to be calculated indirectly by statistical
calculations. Rastegari et al. [2] derived an equation fromwhich
the fractal dimensions of the flocks can be determined relying
on size distribution, the mass of precipitated asphaltene and
some other tangible and measurable parameters as:
PA =
πρANf d3p
6mA

fi

di
dp
Df
, (7)
where PA is the fractional precipitation; the fraction of the
whole asphaltene which is precipitated, fi is the number
frequency of the ith flock, Nf is the total number of flocks, ρA is
the density of the asphaltene, dp is the diameter of an individual
particle, assumed to be 1 µm in this work, and mA is the total
mass of asphaltene flocks in the solution obtained by IP-143
testing.
By implementing this equation and measuring its parame-
ters, the fractal dimension is readily calculated.
3.4. Algorithm
As seen in the flowchart shown in Figure 3, the inputs to
the model are the initial concentration and the diameter of the
individual particles, the fractal dimensions of the flocks, the
reaction constants, and the reaction exponents. F and D are
calculated using Eqs. (5) and (6), respectively, and are substi-
tuted into the Smoluchowski equation (Eq. (1)). The rate of
change in concentration is calculated for each time step and,
consequently, the size distribution is calculated as a function
of time. The reaction constants and exponents are employed as
tuning parameters, while the fractal dimensions of the asphal-
tene flocks, calculated using Eq. (7), 1.53, consider constants,
the assumption made by Rastegari et al. [2], as well. The mass
balance was checked at each step to avoid miscalculation and
the time step was decreased in case of any noticeable mass bal-
ance error.
4. Results and discussions
Themodel predictions (Eq. (1)), and experimental data of the
size distribution of asphaltene flocks after 20, 30 and 90 min
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of flocculation time are shown Figure 4(a)–(c). It is obvious
from the figure that the Smoluchowskimodel predictions are in
reasonable agreementwith the experimental data, while, based
on the data given in Figure 2, after 60 min of flocculation time,
the RLA and DLA models could not be applied in the case of
sonicated oil. In order to quantify the accuracy of the model
predictions, the error was calculated as:
E =
N
1
|Cmodel − CExperiment |
N
. (8)
Error values for 20, 30 and 90 min of flocculation are equal to
5.28, 4 and 6.4, respectively, which is in an acceptable average
deviation range from the experimental data.
Based on the algorithmgiven in Figure 3, values of the kinetic
model parameters for non-sonicated and ten minute-sonicated
crude oils are calculated and compared in Table 1. The figures
in the table show that sonication caused no noticeable changeFigure 4: Comparison of model and experiment after (a) 20, (b) 30, and (c)
90 min of flocculation for sonicated oil.
Table 1: The parameters of Smoluchowski kinetic model for sonicated and
non-sonicated oil.
Input Non-Sonicated Sonicated
Reaction constant, Kf 5.23 × 10−5 5.02 × 10−6
Shattering reaction constant, Kd 4.95 × 10−5 5.04 × 10−5
Flocculation reaction exponent, λ 2.6 3
Shattering reaction exponent, β 1.5 1
Fractal dimension, Df 1.65 1.53
in the disintegration constant; however, the reaction constant
has become approximately ten times smaller. It is concluded
that sonication has almost no influence on the disintegration of
asphaltene flocks and the reduction in themean diameter is due
to the decrement in their formation. Consequently, based on the
conclusions made from the comparison of sonicated and non-
sonicated samples, the reason ultrasonic radiation decreases
the mean diameter is that it inhibits flock growth, rather than
disintegrating them into smaller flocks, therefore, it acts as an
inhibitor in the flocculation process [9]. The figures in the table
also show that the fractal dimension has reduced for sonicated
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oil, which indicates that the flocks are smoother. This might be
the reason for decreasing the reaction constant, as smoother
flocks are less prone to flocculate. This effect of ultrasound could
be helpful for inhibition of formation damage near wellbore
regions.
In this work, by implementing model and statistical experi-
ments, the microscopic effect of ultrasound on the flocculation
process is understood, and it was verified that the flocculation
behavior of asphaltene particles in alkane mixtures can be pre-
dicted by the mentioned model with proper accuracy. To cal-
culate the model parameters, only two confocal microscopy
asphaltene flock size analysis tests are required.
By implementing the discussed model, a size distribution of
asphaltene flocks as a function of time was obtained. However,
the previously developed model, namely; the DLVO model,
only yields the average radius of the flocks. To compare the
precision of the DLVOmodelwith the Smoluchowskimodel, the
average radius of the asphaltene flocks is calculated from the
size distribution and compared with the DLVO model [6] and
experimental data, as depicted in Figure 5. It is shown in the plot
that the Smoluchowski model has predicted the reversibility of
the flocculation of sonicated oil.
5. Conclusions
Previous irreversible kinetic models, RLA and DLA, suffer
from inadequate accuracy for prediction of the size distribution
of asphaltene flocks formed in ultrasonic treated crude oils.
However, in thiswork, an understanding of the size distribution
of asphaltene flocks, as a function of time, for reversible
asphaltene flocculation in sonicated crude oils, was obtained.
According to the results obtained in this study, radiation
of ultrasonic waves changes the irreversibility of asphaltene
flocculation in crude oil. The changes in flocculation rate are
not limited to sonication time. It was also observed that
among the kinetic model parameters, the formation coefficient
decreased in the case of sonicated oil, while the disintegration
coefficient did not considerably change. It might be due to the
fact that sonication prevents flocks from aggregation rather
than disintegrating them into smaller flocks. This is believed
to be the reason for its lingering effect on flocculation. The
model presented here can predict both size distribution and
average radius of asphaltene flocks at different time intervals,
and is applicable to the whole range of the flocculation process,
rather than DLVO models. The results of this work can be
helpful in a better understanding of the fact that the flocculation
rate for the case of sonicated oil inhibits the formation ofmacro structures and, consequently, reduces precipitation of
asphaltene in well-bores and inside pipelines, which prevents
tremendous economic loss.
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